iNTRoducTioN
The use of growth promoting technologies such as steroidal implants and b-adrenergic agonists (bAA) have been some of the more successful technologies used in the beef cattle industry for promoting efficient growth. The bAA, zilpaterol hydrochloride (ZH), ABSTRAcT: Feeding zilpaterol hydrochloride (ZH) with ruminally protected AA was evaluated in a small-pen feeding trial. Crossbred steers (n = 180; initial BW = 366 kg) were blocked by weight and then randomly assigned to treatments (45 pens; 9 pens/ treatment). Treatment groups consisted of no ZH and no AA (Cont−), ZH and no AA (Cont+), ZH and a ruminally protected lysine supplement (Lys), ZH and a ruminally protected methionine supplement (Met), and ZH and ruminally protected lysine and methionine (Lys+Met). Zilpaterol hydrochloride (8.3 mg/kg DM) was fed for the last 20 d of the finishing period with a 3-d withdrawal period. Lysine and Met were top dressed daily for the 134-d feeding trial to provide 12 or 4 g·hd −1 ·d −1 , respectively, to the small intestine. Carcass characteristics, striploins, and prerigor muscle samples were collected following harvest at a commercial facility. Steaks from each steer were aged for 7, 14, 21, and 28 d, and Warner-Bratzler shear force (WBSF) was determined as an indicator of tenderness. Prerigor muscle samples were used for immunohistological analysis. Cattle treated with Met and Lys+Met had increased final BW (P < 0.3) and ADG (P < 0.05) compared to Cont− and Cont+.
Supplementation of Lys, Met, and Lys+Met improved G:F (P < 0.05) compared to Cont− during the ZH feeding period (d 111 to 134) as well as the entire feeding period (P < 0.05). Zilpaterol hydrochloride increased carcass ADG (P < 0.05) when compared to non-ZHfed steers. Methionine and Lys+Met treatments had heavier HCW (P < 0.02) than that of Cont−. Yield grade was decreased (P < 0.04) for Cont+ steers compared to steers treated with Lys, Lys+Met, and Cont−.
Tenderness was reduced (P < 0.05) with ZH regardless of AA supplementation. Lysine, Met, Lys+Met, and Cont+ had less tender steaks (P < 0.05) throughout all aging groups compared to Cont−. Steaks from Lys-treated steers were less tender (P < 0.05) than those of Cont+ during the 7-and 14-d aging periods. Nuclei density was the greatest with Cont− cattle compared to all other treatments suggesting a dilution effect of the nuclei in the larger muscle fibers with ZH feeding. Supplementation of Met in conjunction with ZH feeding increased ADG and HCW although this may lead to decreased tenderness even after aging for 28 d. These findings indicated that steers fed ZH may require additional AA absorbed from the small intestine to maximize performance.
marketed by Merck Animal Health (Summit, NJ) was approved to feed to cattle in 2006 in the United States. Zilpaterol hydrochloride has been reported to increase BW, carcass weight (cW), and carcass red meat yield (Delmore et al., 2010; Johnson et al., 2013) . Zilpaterol hydrochloride works via binding to the b-adrenergic receptor type 2 and causing a signal cascade ultimately increasing protein synthesis and reducing protein degradation (Mersmann, 1998; Anderson et al., 2005) . This results in an increase in protein accretion and red meat yield, but it comes at a cost; postmortem tenderization is reduced resulting in beef that is less tender compared to cattle that were not supplemented with a bAA. However, there may be alternative ways to allow for an increase in muscle accretion when feeding bAA without affecting protein synthesis or degradation. This may be achieved by supplementation of limiting AA. Research has indicated that lysine (Friesen et al., 1994) and methionine (Fetuga et al., 1975) are critical for maximizing lean tissue deposition. Methionine and lysine are the first 2 limiting AA for growing cattle (Richardson and Hatfield, 1978) . We hypothesized that providing additional lysine and methionine in conjunction with ZH supplementation would increase the rate of protein synthesis to a greater extent. This in turn could have favorable effects on postmortem tenderness, as protein degradation may not change as a result. The objective of this study was to determine the effects of feeding ruminally protected lysine and methionine blends in combination with ZH on feedlot performance, carcass characteristics, and tenderness in finishing beef cattle.
mATeRiALS ANd meTHodS
The Texas Tech University Animal Care and Use Committee (Acuc) approved all procedures involving the use of animals for the present study (ACUC approval number 11084-10).
British-crossbred steers (n = 180; initial BW = 366 kg) were purchased from an Oklahoma sale barn and transported to the Texas Tech Beef Center (New Deal, TX). Initial processing occurred within 24 h of arrival. Processing included 1) placement of individual identification ear tags, 2) palpation of ears to detect the presence of any previous implants (no implants were detected), 3) measurement of BW, 4) vaccination for clostridial and viral diseases (Vista 5 and Vision 7; Merck Animal Health), 5) treatment for internal and external parasites with Ivomec (Merial Animal Health, Duluth, GA), and 6) implantation with Ralgro (Merck Animal Health). Steers were fed 2 step-up diets consisting of 75 and 85% concentrate over a 10-d period. Steers were on the 75% concentrate diet from d 1 to 3 of the trial and then transitioned to the 85% concentrate diet from d 4 to 10. The final 90% concentrate diet (Table 1) was fed from d 11 until the end of the trial (d 134). Cattle were stratified by BW into 1 of 9 blocks. Steers were then randomly assigned within block to pen for 1 of 5 treatment groups (45 pens total; 9 pens/treatment; 5 pens/block; 4 steers/pen). Treatments consisted of steers that received no ruminally protected AA or ZH (Cont−), no ruminally protected AA but did receive ZH (cont+), ruminally protected lysine and ZH (Lys), ruminally protected methionine and ZH (met), and ruminally protected lysine and methionine and ZH (Lys+met). Zilpaterol hydrochloride was fed at a rate of 8.3 mg/kg DM for the final 20 d of the feeding period with a 3-d withdrawal before harvest. Based on DMI during the ZH feeding period, the ZH intake ranged from 58.9 mg·hd −1 ·d −1 to 82.3 mg·hd −1 ·d −1 . The lysine and methionine supplements were mixed with a ground corn carrier and supplied via top dressing at a rate of 0.23 kg·hd −1 ·d −1 directly 4 Cr supplement was formulated to supply 300 mg/kg DM of chromium propionate (Kemin Industries Inc., Des Moines, IA).
5 Percentage N ´ 6.25. weight/weight % = grams per 100 grams of sample.
after the morning feed delivery. Control cattle (Cont− and Cont+) received a top dress of 0.23 kg·hd −1 ·d −1 ground corn at the same time the Lys and Met treatments were administered. Lysine-supplemented cattle were administered 53.19 g of the lysine supplement (LysiPEARL; Kemin Animal Nutrition and Health North America, Des Moines, IA), which contained 25.6 g of L-lysine. Methionine supplemented cattle were administered 12.24 g of methionine supplement (MetiPEARL; Kemin Animal Nutrition and Health North America), which contained 6.7 g of DL-methionine. Ruminal bypass for the lysine and methionine supplements were assumed to be 50 and 66% with digestibility at 95 and 90%, respectively (W. Rounds, unpublished data). Our target for lysine absorption in the small intestine was 12 g·hd −1 ·d −1 and for methionine was 4 g·hd −1 ·d −1 . The additional lysine and methionine was provided for the entire 134-d feeding period. This supplementation resulted in 111 d of only AA supplementation, 20 d of AA and ZH administration depending on specific treatment, and then the 3-d ZH withdrawal period of no ZH and only AA supplementation depending on specific treatment. Samples of the top dress for each treatment were collected after the formulation of each batch and composited over all batches of top dressing batches prepared for the trial. A final composite sample for the entirety of the feeding trial from each treatment was analyzed for chemical composition. The actual additional lysine and methionine concentration of the AA samples was 21.5 and 5.6 g, respectively. Using the assumed bypass and digestibility, the supplemented cattle were provided 10.2 g of lysine and 3.3 g of methionine to the small intestine.
Individual unshrunk BW measurements were collected for each steer at d 0, 111, and 134. Body weights were then shrunk 2% for the d 0 BW and 4% for the interim and final BW. The steers were reimplanted on d 28 with Revalor-S (120 mg trenbolone acetate and 24 mg estradiol 17-b; Merck Animal Health). Cattle were fed once daily to supply ad libitum access to feed. Feed DM was measured weekly. Since the top dress was mixed into the feed daily and previous d feed was not left at the bottom of the bunk during mixing, feed refusals were weighed the morning of every interim and final weigh d to calculate interim (d 111) and final DMI. Steer live performance was measured every 28 d but only d 0, 111, and 134 (final) are reported, as those were the most important time points, and no differences were observed for the other interim weight period. All steers received the same diets until the start of ZH supplementation. Two steers died during the feeding phase, and these steers' individual BW and intake that had contributed to the pen were deleted before analysis.
Carcass ADG (cAdG) was calculated for the ZH feeding period (d 111 to 134). Estimated CW was calculated for the d 111 BW using a standard 63.5 dressing percent similar to the procedure reported in Parr et al. (2011) .
On d 134 cattle were weighed and transported (final BW = 596 kg) to a commercial abattoir for harvest. After chilling for no less than 24 h, trained Texas Tech University personnel determined carcass variables of marbling score (mS), adjusted preliminary yield grade (ApyG), KPH, and color score (1-9 scale; Herschler et al., 1995) . Plant camera data were used for HCW, 12 to 13th rib fat thickness (fT), and 12 to 13th LM area (ReA). Yield grade (yG) was calculated using the USDA regression equation for USDA YG (USDA, 1997).
Individually tagged striploins (Institutional Meat Purchase Specification 180) were collected at the time of carcass fabrication and transported to the Texas Tech University meat lab for Warner-Bratzler shear force (WBSf) analysis. Five steaks (2.54 cm) were cut from the anterior end of the striploin. The first steak was considered a "face cut" and discarded. The remaining 4 steaks were randomly assigned to an aging period consisting of 7, 14, 21, and 28 d postmortem. Steaks were then vacuum packaged with other like aged steaks and frozen (−20°C) on the appropriate aging d. To ensure an even representation, steaks within an aging period were randomly removed from the freezer 24 h before the d of cooking and placed in a refrigerator (2 to 5°C) to thaw. Steaks were trimmed, weighed, and cooked to a medium degree of doneness (68 to 71°C internal temperature) on a Magi-grill belt grill (Model TBG-60; MagiKitch'n Inc., Quakertown, PA). Internal temperature was monitored using a Digi-Sense thermometer (Cole Parmer, Vernon Hills, IL) with a type J thermocouple probe (Cole Parmer). After cooking, steaks were then weighed again to calculate cook loss. The steaks were then refrigerated (2 to 5°C) overnight. After chilling, steaks had 6 (1.27 cm) cores removed following the longitudinal orientation of the muscle fiber, and peak shear force (kg) was measured on a WBSF instrument (GR Electric Mfg., Manhattan, KS).
One steer per pen was randomly selected for immunohistochemical analysis of longissimus lumborum (n = 45; 9 samples/treatment). Muscle tissue was collected within 120 min of harvest. The prerigor longissimus lumborum sample was cut going with fiber direction into 2.54-by 1.27-cm rectangles. The tissue sample was placed in a tissue mold half filled with clear frozen section compound (VWR International, West Chester, PA), then completely covered in clear frozen section compound, and frozen using liquid nitrogen chilled tissue blocks. The frozen tissue block was wrapped in aluminum foil, placed into a whirl-pack bag, and placed in a cooler of dry ice. Samples were transported to Texas Tech University for analysis and were subsequently stored in a −80°C freezer until analysis.
Twenty-four hours before sectioning, embedded muscle samples were moved from a −80°C to a −20°C freezer to thaw. Muscle fiber distribution, area, b-adrenergic receptor, and satellite cell abundance was determined on 10-mm-thick cross-sections. The sections were cut at −20°C using a Leica CM1950 cryostat (Lieca Biosystems, Buffalo Grove, IL) from the embedded muscle samples. The sections were then mounted on positively charged glass slides (5 slides per sample/3 cryosections per slide; Superfrost Plus; VWR International). Cryosections were fixed using 4% paraformaldehyde (Thermo Fisher Scientific, Waltham, MA) for 10 min at 25°C followed by 2 brief rinses and a single 5-min rinse in PBS. Cryosections were incubated with 5% horse serum (Invitrogen, Carlsbad, CA), 2% BSA (MP Biomedical, Solon, OH), and 0.2% Triton-X100 (Thermo Fisher Scientific) in PBS for 30 min at 25°C to block nonspecific antibody binding. Cryosections were then incubated for 1 h at 25°C in the following primary antibodies: Slide 1: 1:100 a-dystrophin, rabbit, IgG (Thermo Scientific); 1:100 supernatant anti-myosin heavy chain (mHc) type 1, IgG2b (BA-D5; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA); and supernatant anti-MHC (all but type IIX IgG1; BF-35, Developmental Studies Hybridoma Bank); Slide 2: 1:750 a-b 1 AR, rabbit, IgG (abcam); 1:750 a-b 2 AR, chicken, IgY (abcam); 1:500 a-b 3 AR, goat, IgG (abcam); Slide 3: 1:10 supernatant anit-paired box protein 7 (pax7), mouse a-chicken (Developmental Studies Hybridoma Bank); 1:100 Myf-5, rabbit, IgG (Santa Cruz Biotechnology, Dallas, TX). Slides were then rinsed 3 times for 5 min in PBS. Cryosections were incubated for 30 min at 25°C in opaque boxes in the following secondary antibodies: Slide 1: 1:1,000 goat a-rabbit, IgG, Alexa-Fluor 488 (Invitrogen); 1:1,000 goat a-mouse, IgG1, Alexa-Fluor 546 (Invitrogen); 1:1,000 goat a-mouse, IgG2b, Alexa-Fluor 633 (Invitrogen); Slide 2: 1:1,000 goat a-chicken, IgY, H & L, Alexa-Fluor 488 (abcam); 1:1,000 donkey a-rabbit, IgG, Alexa-Fluor 546 (Invitrogen); 1:1,000 donkey a-goat, IgG, Alexa-Fluor 633 (Invitrogen); Slide 3: 1:1,000 goat a-rabbit, IgG, Alexa-Fluor 488 (Invitrogen); 1:1,000 goat a-mouse, IgG1, Alexa-Fluor 546 (Invitrogen). Slides were then rinsed 3 times for 5 min in PBS. Finally, cryosections were incubated in 1 mg/ mL 4¢,6-diamidino-2-phenylindole (dApi, Thermo Fisher Scientific) for 1 min followed by 2 brief PBS rinses. Slides were cover-slipped with mounting media (Aqua Mount; Lerner Laboratories, Pittsburgh, PA) and thin glass cover slips (VWR International) and left to dry at 4°C for 24 h. All slides were imaged within 48 h of staining.
The slides were imaged at 200´ working difference magnification using an inverted fluorescence microscope (Nikon Eclipse, Ti-E; Nikon Instruments Inc., Mellville, NY) equipped with a UV light source (Intensilight C-HGFIE; Nikon Instruments Inc.). The images were captured by a CoolSNAP ES 2 monochrome camera (Photometrics, Tucson, AZ) and artificially colored and analyzed using NIS-Elements imaging software (Nikon Instruments Inc.).
Five random images were taken of cryosections from each slide of the Longissimus lumborum. All MHC type I, IIA, and IIX muscle fibers in each image were identified and expressed as a percentage of the total number of muscle fibers. The cross-sectional area of each fiber in each image was measured using NISElements software (Nikon Instruments Inc.) and expressed on a square millimeter basis. The total number of DAPI-stained cells in each image were enumerated to determine the nuclear density on a per square millimeter basis. All b-AR, Pax7, myogenic factor (myf5), and Pax7+Myf5 satellite cells were identified on the respective slides, stained, counted, and densities reported on a square millimeter basis.
Performance, carcass, and tenderness data were analyzed as a completely randomized block design using the MIXED procedure (SAS Inst., Inc., Cary, NC) with each pen serving as the experimental unit. Treatment was considered a fixed effect, and block was considered a random effect in the model. Distribution of quality and YG as well as Warner-Bratzler shear frequency distribution were analyzed as binomial proportions using the GLIMMIX procedure (SAS Inst., Inc.). Again, pen served as the experimental unit for all analyses. Immunohistochemical data were analyzed using the GLIMMIX procedure of SAS (v. 9.3.; SAS Inst., Inc.). The model included treatment as the fixed effect, steer served as the experimental unit, and the Kenward-Roger adjustment was used to correct degree of freedom. Means were separated using the LSMEANS procedure with the PDIFF option and considered different when P < 0.05.
ReSuLTS
The effects of ruminally protected lysine and methionine blends and ZH on live performance are reported in Table 2 . Methionine-and Lys+Met-treated cattle had heavier BW (P < 0.05) at d 134 compared to Cont− and tended to have heavier BW (P = 0.06 and 0.09, respectively) compared to Cont+. Average daily gain was increased (P < 0.05) for Met-and Lys+Met-treated cattle for the entire feeding period compared to Cont+ and Cont−. Additionally, during the ZH feeding period, ADG was increased (P < 0.03) for lysine-and methionine-supplemented cattle fed ZH compared to the Cont− treatment. Average daily gain tended to increase (P = 0.09 and 0.06, respectively) for Met and Lys+Met steers compared to Cont+. In contrast, the cattle treated with Cont+ did not differ (P = 0.32) for ADG when compared to Cont− cattle. Steers treated with Met had increased DMI (P = 0.04) over the entire feeding period compared to the Cont+. The G:F was greater (P < 0.02) for Lys, Met, and Lys+Met treatments compared to the Cont− for the entire feeding period. The G:F tended to increase for Met and Lys+Met steers (P = 0.09 and 0.06) compared to Cont+ cattle.
Estimated CW gain during the ZH feeding period is reported in Table 3 . There was no difference in d 111 estimated CW between any of the treatments (P > 0.30). Although, during the ZH feeding period (d 111 to 134), CADG and total carcass gain were greater for Lys, Met, Lys+Met, and Cont+ steers compared to Cont− steers (P < 0.05). Additionally, there was a tendency for an increase in carcass gain for Lys+Met steers compared to those treated with Cont+ (P = 0.09). All ZH-fed cattle had increased live and carcass gain over the last 23 d on feed when compared to Cont− (P < 0.04). The carcasses from Lys+Met treated cattle gained 11 kg more than Cont− (P = 0.01) over the final 23-d feeding period.
The effects of ruminally protected lysine and methionine blends and ZH supplementation on carcass characteristics are reported in Table 4 . The Met and Lys+Met treated cattle had greater HCW than the Cont− (P < 0.02). Moreover, Lys+Met-treated cattle had a tendency for increased HCW over the Cont+ treated cattle (P = 0.10). Dressing percent tended to be increased (P = 0.08) for Lys+Met compared to Cont−. Lysine supplemented cattle had 0.33 cm greater FT (P = 0.02) than Cont+ cattle. Furthermore, Lys+Met and Cont− tended to have greater FT (P = 0.08) than Cont+. Calculated USDA YG was greater (P < Within a row, means that do not have a common superscript differ (P < 0.05).
1 Lys = lysine; Met = methionine; Lys+Met = lysine + methionine; Cont+ = no AA/with zilpaterol hydrochloride (ZH); Cont− = no AA/no ZH.
2 Pooled standard error of the difference between treatment means; n = 9 pens/treatment mean.
3
Shrunk BW. Initial BW is shrunk 2% to account for less fill; 56, 111, and 134 d are shrunk 4%.
4
Day 111 to 134 represents the zilpaterol hydrochloride feeding period including the 3-d withdrawal.
0.05) for the Cont−, Lys, and Lys+Met cattle than the Cont+. Control+ steers had a larger proportion of calculated YG 1 carcasses compared to Lys, Met, and Lys+Met treatments (Fig. 1) . There was no difference in QG distribution (P > 0.05; Fig. 2 ).
Mean WBSF values for all treatments and aging periods are reported in Table 5 . All steaks responded to aging and became tenderer. Starting with d 7 aging and continuing until 28 d aging, ZH supplemented steers (Lys, Met, Lys+Met, and Cont+) had decreased (P < 0.05) WBSF compared to Cont−. There were differences in WBSF distribution for all aging periods. Steaks aged for 7, 14, and 21 d from all ZH-fed steers were less tender (P < 0.05) compared to steaks from Cont−. Steaks aged 28 d from Lys, Met, and Cont+ were less tender (P < 0.05) than Cont−, while steaks aged 28 d from Lys+Met-treated cattle tended to be less tender (P = 0.09) than Cont−. Steaks aged 7 and 14 d from Lys-treated steers had greater (P < 0.02) WBSF compared to steaks from steers treated with Cont+. Frequency distributions of steaks that recorded a WBSF value of <3.0, 3.0 to 3.4, 3.4 to 4.0, 4.3 to 4.9, and >4.9 are reported in Fig. 3 to 6 . These frequency distributions represent all the steaks that fall into the respective categories. For example, a steak that had a WBSF value of 3.8 would be accounted for in the 3.4 to 4.0 category. Overall, an increased percentage of steaks from Cont− treated cattle were more tender in the d 7 aging period and had a greater number of tender steaks by d 28 (P < 0.05).
A representative example of differences in fiber types is illustrated in Fig. 7 . Fiber area for MHC-I and MHC-IIX was increased and MHC-IIA tended to increase (P < 0.05 and P = 0.10, respectively) in Lys+Met compared to Cont− samples (Table 6) . Lysine+Met treatment resulted in the greatest fiber cross-sectional area of MHC-I compared to Met (P = 0.02). Interestingly, the Lys-supplemented cattle had the smallest MHC-I fiber area overall and were lower than Lys+Met steers (P = 0.02). In addition, the Lys steaks had the greatest WBSF at d 7 and 14 compared to Cont+ and Cont−. The proportion of MHC-IIA fibers were increased in Cont+ steers compared to Cont− and Met (Table 7 ; P = 0.05 and 0.03, respectively). These data indicate the start of a transition to a more glycolytic state with ZH supplementation.
Total nuclei and myonuclei data are reported in Fig. 8b . All samples from cattle fed ZH had a lower number of total nuclei and myonuclei per area of muscle fibers (P < 0.05) except for Met treatments compared to Cont− for myonuclei (P = 0.14). This data is consistent with ZH-stimulating muscle hypertrophy without a change in satellite accretion to existing fibers. No differences were observed for the Table 3 . Effects on carcass gain on the last 23 d of feeding for cattle supplemented with ruminally protected lysine and/or methionine and zilpaterol hydrochloride Within a row, means that do not have a common superscript differ (P < 0.05).
2
Pooled standard error of the difference between treatment means; n = 9 pens/treatment mean.
3
Day 111 carcass weight was calculated using a 63.5% standard dress for all cattle. Within a row, means that do not have a common superscript differ (P < 0.05).
2
Pooled standard error of the difference between treatment means; n = 9 pens/treatment mean. figure 1. USDA yield grade (YG) distribution of carcasses from cattle supplemented with AA and zilpaterol hydrochloride (ZH). British crossbred steers (n = 180; initial BW = 366 kg) were randomly assigned within block to 1 of 5 treatment groups (45 pens total; 9 pens/treatment; 5 pens/block; 4 steers/pen). Treatments consisted of cattle that received no ruminally protected AA or ZH (Cont−), no ruminally protected AA but did receive ZH (Cont+), ruminally protected lysine and ZH (Lys), ruminally protected methionine and ZH (Met), and ruminally protected lysine and methionine and ZH (Lys+Met). Zilpaterol hydrochloride was fed for the final 20 d of the feeding period (8.3 mg/kg DM) with a 3-d withdrawal before harvest. There tended to be a greater frequency of YG 1 carcasses for Cont+ than with any of the AA treated cattle. (a,b) Within a YG, bars that do not have a common letter tended to differ (P = 0.06). For YG 1, pooled SEM = 11.65. For YG 2, pooled SEM = 23.04. For YG 3, pooled SEM = 21.37. figure 2. USDA quality grade distribution of carcasses from cattle supplemented with AA and zilpaterol hydrochloride (ZH). British crossbred steers (n = 180; initial BW = 366 kg) were randomly assigned within block to 1 of 5 treatment groups (45 pens total; 9 pens/treatment; 5 pens/block; 4 steers/pen). Treatments consisted of cattle that received no ruminally protected AA or ZH (Cont−), no ruminally protected AA but did receive ZH (Cont+), ruminally protected lysine and ZH (Lys), ruminally protected methionine and ZH (Met), and ruminally protected lysine and methionine and ZH (Lys+Met). Zilpaterol hydrochloride was fed for the final 20 d of the feeding period (8.3 mg/kg DM) with a 3-d withdrawal before harvest. There was no difference in quality grade distribution for any treatment. For select, pooled SEM = 24.34. For choice, pooled SEM = 24.34. Within a row, means that do not have a common superscript differ (P < 0.05).
1
The interaction effect of treatment*aging group was not significant (P > 0.05); therefore, only treatment main effects within aging group were reported.
2 Lys = lysine; Met = methionine; Lys+Met = lysine + methionine; Cont+ = no AA/with zilpaterol hydrochloride (ZH); Cont− = no AA/no ZH.
3
Pooled SE of the difference between treatment means; n = 9 pens/treatment mean.
number of Pax7-and Myf5-positive cells at the end of the feeding period (P > 0.16; Fig. 8c ). We observed no treatment differences (P > 0.31) in the abundance of b1 and 2-adrenergic receptors associated with the muscle fibers (Table 8 ). These data indicated that supplemental encapsulated AA have no effect on the b-receptors in skeletal muscle tissue.
diScuSSioN
Steers supplemented with ZH for 20 to 40 d have been reported to have increased CW compared to cattle that received no ZH. Beta-adrenergic agonists increase CW by increasing muscle mass. This increase in muscling is most likely due to an increase in protein synthesis and/or a reduction in protein degradation (Mersmann, 1998) . It is plausible to believe that if protein synthesis is increased in an effort to maximize muscle growth in finishing cattle, then the requirements for essential AA involved in muscle growth change as well.
Zilpaterol hydrochloride supplementation has been reported to increase ADG and improve G:F during the ZH feeding period (Parr et al., 2011) and over the entire feeding period (Vasconcelos et al., 2008; Montgomery et al., 2009; Rathmann et al., 2009 ). In the present study, during the 20-d ZH feeding period and 3-d withdrawal, ADG and G:F were increased when AA were supplemented compared to Cont−. Additionally, Lys-, Met-, and Lys+Met-treated steers had increased ADG compared to both Cont+ and Cont− for the entire feeding period. Oke et al. (1986) reported that ADG was increased with ruminally protected lysine and methionine supplementation for growing steers, but there was no advantage in ADG for these same steers during the finishing period. Although our results did not indicate an advantage with AA supplementation measured at d 111, we did observe that protected AA supplementation aids in increasing ADG and improving G:F when ZH was also supplemented. This indicated that there may not be an advantage to supplementing lysine and methionine alone, but when ZH is going to be supplemented in finishing steers, it will increase the rate of gain. Additionally, ADG was improved for Lys+Met-supplemented steers compared to Cont+ during the ZH feeding period. This does suggest that without the addition of the first limiting AA, cattle that are destined to receive ZH may not be able to reach the maximum response. There was an increase in DMI for Met-treated cattle compared to Cont+ during the ZH feeding period (d 111 to 134) although there was no difference in DMI for any of the treatments when measured over the entire feeding period. These findings are consistent with what others were randomly assigned within block to 1 of 5 treatment groups (45 pens total; 9 pens/treatment; 5 pens/block; 4 steers/pen). Treatments consisted of cattle that received no ruminally protected AA or ZH (Cont−), no ruminally protected AA but did receive ZH (Cont+), ruminally protected lysine and ZH (Lys), ruminally protected methionine and ZH (Met), and ruminally protected lysine and methionine and ZH (Lys+Met). Zilpaterol hydrochloride was fed for the final 20 d of the feeding period (8.3 mg/ kg DM) with a 3-d withdrawal before harvest. Steaks from Cont− had a greater proportion of very tender steaks compared to Lys, which had the greatest proportion of slightly tender steaks. researchers have reported (Avendaño-Reyes et al., 2006; Rathmann et al., 2009; Parr et al., 2011) .
The first limiting AA in growing steers is methionine (Richardson and Hatfield, 1978) . Campbell et al. (1997) reported that when methionine was supplemented to the small intestine, cattle were able to retain more nitrogen. Methionine is 1 of the 2 principle sulfur-containing AA that is incorporated into animal tissue and is the initiating AA during translation (Brosnan and Brosnan, 2006) . The increased final BW and ADG due to ruminally protected lysine and methionine blends and ZH supplementation transferred through to the carcass as indicated by the increases in carcass gain. The Lys+Met-treated steers gained the most during the ZH feeding period with an increase in CADG of 0.47 kg/day equaling a total HCW increase of 14 kg above the cattle treated with Cont−. Parr et al. (2011) reported CADG advantages with ZH between 0.53 to 1.05 kg during the ZH feeding period.
The current study reported a ZH advantage in CADG of 0.26 kg. Additionally, The Lys+Met-treated steers tended to have a 4.6-kg advantage in carcass gain compared to the Cont+ during the ZH feeding period. The increase in CW gain with ruminally protected lysine and methionine suggests that lysine and methionine requirements are not being provided for in the typical feedlot diet during ZH supplementation.
Changes in the carcass traits of steers supplemented with ruminally protected lysine and methionine blends and ZH were also observed. Most notable was the increase in HCW. Methionine-and Lys+Met-treated steers had increased HCW of 12 and 14 kg, respectively, when compared to Cont− cattle. It is worth mentioning that in the current study, the ZH response was less than typical. Rathmann et al. (2012) observed an increase in HCW of 10 kg with ZH administration for 20 d. Additionally, Kellermeier et al. 1 Lys = lysine; Met = methionine; Lys+Met = lysine + methionine; Cont+ = no AA/with zilpaterol hydrochloride (ZH); Cont− = no AA/no ZH.
2 Pooled SE of the difference between treatment means; n = 9 pens/treatment mean.
3 MHC-I = myosin heavy chain type I; MHC-IIA = myosin heavy chain type IIA; MHC-IIX = myosin heavy chain type IIX. a,b Within a row, means that do not have a common superscript differ (P £ 0.05).
3 MHC-I = myosin heavy chain type I; MHC-IIA = myosin heavy chain type IIA; MHC-IIX = myosin heavy chain type IIX. figure 7. Cross-sectional skeletal muscle fiber from cattle supplemented with AA and zilpaterol hydrochloride (ZH). British crossbred steers (n = 180; initial BW = 366 kg) were randomly assigned within block to 1 of 5 treatment groups (45 pens total; 9 pens/treatment; 5 pens/block; 4 steers/pen). Treatments consisted of cattle that received no ruminally protected AA or ZH (Cont−), no ruminally protected AA but did receive ZH (Cont+), ruminally protected lysine and ZH (Lys), ruminally protected methionine and ZH (Met), and ruminally protected lysine and methionine and ZH (Lys+Met). Tissue samples were then stained to detect fiber type and diameter. Although it is unknown as to why the typical ZH response was not observed, we speculate that due to a period of elevated temperature (40.0°C) for the first d of ZH supplementation and continuing for the next 5 d of supplementation, DMI was decreased across all treatments between 17 and 20% when you compare the week before ZH supplementation to the first week of ZH supplementation (data not shown).
Calculated YG of the Cont+ steers was reduced at least 4/10 when compared to Cont−, Lys, and Lys+Met treatments. A decreased YG indicates that the carcass is going to have greater red meat yield. The difference in YG was most likely due to the decreased FT seen in the Cont+ treatment cattle, as FT is the base factor when calculating YG. Kidney, pelvic, and heart fat percentage was also decreased for cattle treated with Cont+, which aided the reduction in YG. These results were similar to Elam et al. (2009) who observed an increase in HCW and REA, while FT and KPH were reduced. Alternatively, Parr et al. (2011) 1 Lys = lysine; Met = methionine; Lys+Met = lysine + methionine; Cont+ = no AA/with zilpaterol hydrochloride (ZH); Cont− = no AA/no ZH.
3 b-1AR = beta adrenergic receptor 1; b-2AR = beta adrenergic receptor 2.
figure 8. Cross-sectional skeletal muscle fiber from cattle supplemented with AA and zilpaterol hydrochloride (ZH). British crossbred steers (n = 180; initial BW = 366 kg) were randomly assigned within block to 1 of 5 treatment groups (45 pens total; 9 pens/treatment; 5 pens/block; 4 steers/pen). Treatments consisted of cattle that received no ruminally protected AA or ZH (Cont−), no ruminally protected AA but did receive ZH (Cont+), ruminally protected lysine and ZH (Lys), ruminally protected methionine and ZH (Met), and ruminally protected lysine and methionine and ZH (Lys+Met). Zilpaterol hydrochloride was fed for the final 20 d of the feeding period (8.3 mg/kg DM) with a 3-d withdrawal before harvest. Tissue histology samples were stained to detect nuclei density, paired box protein 7 (Pax7) cells, myogenic factor (Myf5) cells, or cells that expressed both Pax7 and Myf5. Cont− cattle had the highest amount of nuclei per square millimeter compared to all other treatments. Cont− cattle had a great amount of nuclei power square millimeter compared to Cont+, Lys, and Lys+Met. No differences were detected for Pax7, Myf5 cells, or both within any treatment.
tenderness was decreased with ZH supplementation after 7, 14, and 21 d of aging. Furthermore, Leheska et al. (2009) observed an overall decrease in tenderness after 28 d of aging with beef from ZH-supplemented cattle. There is limited data available regarding the effect of ruminally protected lysine and methionine on beef tenderness. Protected methionine supplemented to Awassi lambs fed a finishing diet tended to increase WBSF (Obeidat et al., 2008) . In the present study, tenderness was negatively affected by ZH and AA supplementation. Cattle that received Lys, Met, Lys+Met, and Cont+ treatments had less tender steaks compared to steaks from the Cont− steers. This difference lasted for all aging periods. Not only was beef from cattle treated with Lys, Met, Lys+Met, and Cont+ less tender in general, but the distribution of steaks that fell into very tender (<3.0 kg WBSF), tender (3.0 to 3.4 kg WBSF), slightly tender (3.4 to 4.3 kg WBSF), slightly tough (4.3 to 4.9 kg WBSF), and tough (>4.9 kg WBSF) categories were different as well. These tenderness categories are reported in Miller et al. (2001) , who looked at consumer preference of New York strip steaks and compared them to WBSF. Overall, their findings concluded that consumers were able to identify differences in tenderness and were willing to pay more for tender meat. No steaks from Lys-treated steers were in the very tender category at any of the aging periods. Additionally, all steaks from steers treated with Cont+ and Cont− tenderized below the tough category. These findings were actually opposite of what was expected with regard to changes in protein synthesis. Our hypothesis was that when a steer is supplied with the specific limiting AA for muscle growth during the time of ZH administration, it would enable the cells to increase protein synthesis and have less of an effect on protein degradation. Protein degradation is of course important for postmortem tenderization; therefore, if degradation is not affected, then tenderness should not be affected. There are other theories as to why beef is less tender with ZH administration. Kellermeier et al. (2009) reported an increase in beef muscle fiber area with cattle fed ZH. An increase in fiber size may affect tenderness because it is harder to shear through a larger fiber.
The increase in growth can cause a shift in muscle fiber types and satellite cell populations. As an animal matures, muscle fiber cross-sectional area increases, and the predominant fiber type transitions from smaller, slow twitch, oxidative fiber types to larger, fast twitch, glycolytic fiber types (Joubert., 1956; Tuma et al., 1962; Johnston et al., 1975; Wegner et al., 2000) . To support this increase in protein, more nuclei must be incorporated into the muscle fiber to manage the protein to DNA ratio (Moss and Leblond, 1971 ). The number of nuclei associated with satellite cells has been reported to decrease from 30% of total skeletal muscle nuclei in newborn animals to 2 to 10% in adults (Cardasis and Cooper, 1975) . Satellite cells express a series of myogenic regulatory factors as the cells leave quiescence and begin the process of proliferation and differentiation. Among these factors are Pax7 and Myf5. It has been reported that Pax7 is expressed during differentiation of satellite cells in vitro and in proliferating satellite cells (Seale et al., 2000; Zammit et al., 2006) . While it is known that Myf5 is expressed after Pax7 expression begins; less is known about the role of Myf5 in satellite cells. It is hypothesized that Myf5 is involved in satellite cell proliferation (Zammit et al., 2006) . These 2 myogenic regulatory factors are important in the process of satellite cells fusing into the muscle fiber to support hypertrophy. Interestingly, the Lys-supplemented cattle had the smallest MHC-I fiber area compared to Cont+. These steaks had the greatest WBSF at d 7 and 14 compared to all other treatments. Potentially, something else is going on that is effecting the tenderness of Lys-treated cattle other than increased fiber diameter. Our data suggests there may be a relationship between the size of MHC-I and MHC-IIX fibers and overall tenderness of the steaks. To our knowledge, this is one of the first reports of how individual ruminally protected AA can alter skeletal muscle fiber area and composition in beef cattle. These changes in fiber area caused by dietary treatments in turn impacted WBSF at various ageing periods postmortem. These data indicate that feeding additional encapsulated AA in combination with ZH during the finishing period may aid in the increased muscle fiber area, and these changes appear to have a negative impact on beef tenderness.
These results indicated that cattle fed ZH may require additional lysine and methionine absorption in the small intestine to maximize performance. There were advantages to feeding ruminally protected methionine and lysine to feedlot cattle when ZH was supplemented. These advantages included increases in G:F ratio during the entire feeding period, an increase in CADG during the ZH feeding period, and an increase in HCW when compared to cattle treated with Cont−. There was a 14-kg advantage in HCW for Lys+Met-treated cattle compared to cattle that received no additional AA or ZH, while a lower ZH response than typical occurred in the Cont+ cattle. Tenderness was negatively affected with all ZH and AA treatments and needs to be looked at further to understand what is occurring. Ruminally protected lysine and methionine is a viable option to help boost the ZH response in cattle performance and carcass characteristics.
